The adsorption of benzene on the Cu(111), Ag(111), Au(111) and Cu(110) surfaces at low coverage is modelled using density-functional theory (DFT) using periodicslab models of the surfaces, as well as using both DFT and complete-active-space self-consistent field theory with second order Møller-Plesset perturbation corrections (CASPT2) for the interaction of benzene with a Cu 13 cluster model for the Cu (110) surface. For the binding to the (111) surfaces, key qualitative features of the results such as weak physisorption, the relative orientation of the adsorbate on the surface, and surface potential changes are in good agreement with experimental findings. Also, the binding to Cu(110) is predicted to be much stronger than that to Cu(111) and much weaker than that seen in previous calculations for Ni(110), as observed.
for benzene on Cu(110) that are roughly consistent with observed spectroscopic data, with these structures differing dramatically in geometry but trivially in energy.
For all systems, the bonding is found to be purely dispersive in nature with minimal covalent character. As dispersive energies are reproduced very poorly by DFT, the calculated binding energies are found to dramatically underestimate the observed ones, while CASPT2 calculations indicate that there is no binding at the HartreeFock level and demonstrate that the expected intermolecular correlation (dispersive) energy is of the correct order to explain the experimental binding-energy data. DFT calculations performed for benzene on Cu(110) and for benzene on the model cluster indicate that this cluster is actually too reactive and provides a poor chemical model for the system.
Introduction
The nature of the interaction of benzene with metal surfaces is of interest in various fields of applied research such as corrosion protection, lubrication, and dye adhesion as these all involve interfaces between organic matter and metals. This problem has also attracted attention in the area of heterogeneous catalysis owing to the role of metals as catalysts in ring-cracking reactions.
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Being the smallest aromatic molecule, benzene has frequently been employed as a model system for larger hydrocarbons. Recently, new interest has arisen in the interaction of aromatic compounds with metals because of their potential application in the design of devices based on electroactive organic molecules.
The spectra indicate a high degree of molecular orientation and preserved adsorbate planarity. For benzene on Ag(111), a (3 × 3) ordered superstructure has been reported. 15 Given the similarity in both atomic and electronic structure between gold and silver crystals, qualitative comparison of our findings for C 6 H 6 /Au(111) with those on Ag(111) can be made. In general, benzene adsorption on coinage metals takes place only below 15;16 280 K, indicative of the relatively weak binding. Extensive experimental data is available for the adsorption of benzene on Cu(111) and Cu(110), with the observed desorption temperature ranges being 17;18 ∼225 K for Cu(111) and ∼280 K for the more open Cu(110) surface.
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Several computational studies [20] [21] [22] [23] have also considered C 6 H 6 /Cu(110), with variable degrees of success.
Here we report results from calculations on the adsorption of benzene on the (111) surface of Cu, Ag, and Au as well as on the Cu(110) surface. The study is carried out initially using density-functional theory (DFT), employing both atomic slab and cluster representations of the metal substrate. As significant computational problems arise for interactions like this involving very shallow potential-energy surfaces supporting very different structures with similar binding energies, a range of computational methods are investigated. In addition, we also perform second-order Møller-Plesset (MP2) perturbation-theory calculations 24 based on Hartree-Fock self-consistent field (SCF) wavefunctions, as well as multi-reference complete active space (CASSCF) perturbationtheory (CASPT2) calculations. 25 The results predict that the most significant contribution to the binding comes from the dispersive interaction, an interaction which at present is poorly and inconsistently accounted for by the exchange-correlation functionals used in modern applications of DFT.
DFT computations were carried out using the packages VASP, 26;27 CASTEP, 28 and SIESTA.
29;30
In the VASP and CASTEP calculations, plane-wave basis sets are employed to expand the electronic wavefunctions. Electron-ion interactions are accounted for through the use of ultrasoft pseudopotentials, 31;32 allowing for the use of a low energy cut-off for the plane-wave basis set.
For electron-electron exchange and correlation interactions the functional of Perdew and Wang (PW91), 33 a form of the generalized gradient approximation (GGA), was used in both the VASP and CASTEP calculations with an energy cut-off of the basis set set at 290 eV, as dictated by the pseudopotential for carbon. CASTEP computations were also performed using the GGA functional of Perdew, Burke, and Ernzerhof (PBE) 34 with the energy cut-off set to 400 eV. In the SIESTA calculations, norm-conserving pseudopotentials were used, generated according to the scheme of Troullier and Martins, 35 with relativistic corrections added for the Cu atoms. The atomic basis set for the valence electron wavefunction expansion was of double zeta plus polarization quality. These atomic orbitals have finite range with an excitation energy of 5 mRy arising due to the confinement. Only the PBE functional was used in the SIESTA computations, while the effects of basis-set superposition error (BSSE) associated with the atomic-orbital basis set were examined using the counterpoise method. 36 The surfaces of Cu, Ag, and Au were modeled by supercells consisting of several atomic layers and vacuum. The application of periodic boundary conditions in all three Cartesian directions yields an infinite array of periodically repeated slabs separated by regions of vacuum. A single molecule was placed in the vacuum region on the upper side of the slab. Calculations pertinent to gas-phase molecules employed a cell of the same size as the supercell of the complex, an integration using the Γ-point only, and Gaussian smearing. For the VASP calculations, the dipole moment arising from the asymmetric slab was compensated for by the introduction of a dipole sheet of the same strength and opposite direction in the middle of the vacuum.
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This correction can be essential for systems involving strongly dipolar or polarizing adsorbates, but has minimal affect for physisorbed benzene.
Only VASP calculations were performed for adsorbates on (111) surfaces. For these, the slabs were four atomic layers thick while the vacuum was ten. For Au, the interlayer spacing was taken from the previously evaluated To keep the distance between adsorbates in neighboring cells on the Cu(110) lattice close to that for the (111) surface, a (2×3) surface supercell of the original unit cell was used. This corresponds to a 1/6 ML benzene coverage. For the VASP calculations on the Cu(110) surface, the slab was six atomic layers thick while the vacuum was fifteen (20Å), with the lattice parameter of 3.655Å set to match the appropriate calculated value for bulk copper. The top three layers of Cu(110) and adsorbed species were allowed to relax, with other layers fixed in their bulk positions. Brillouin-zone integrations were performed using the was also used to study C 6 H 6 on Cu(110). It comprises a Cu 13 cluster with two atomic layers containing four atoms in the first layer that are bonded to a benzene molecule.
The cluster has overall C 2v symmetry; strong chemisorptive-type interactions distort the benzene ring, however, giving it an inverted boat shape akin to the quinonoid form of the lowest excited triplet state 40 of the benzene in the gas phase.
21
The CASPT2 calculations 25 were performed using the MOLCAS package.
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The Stuttgart basis set ECP10MWB 42 with its 1s+2s+2p effective core potential was used for Cu in conjunction with the 6-31+G* basis set 43 for C and H. The active space was chosen in a way that would comprise all 13 Cu 4s electrons distributed through all 13 Cu 4s orbitals. The chosen orbitals were 5a 1 , 2a 2 , 3b 1 , and 3b 2 while the doubly occupied orbitals were 41a 1 , 28a 2 , 34b 1 , and 35b 2 . Orbital rotations distorted this picture, however, with some benzene occupied orbitals, benzene virtual orbitals, copper 3d occupied orbitals, and copper 4p virtual orbitals being swapped into the active space instead of some of the copper 4s orbitals. One Cu 3p orbital was also occasionally rotated into the active space. To eliminate the effects of this rotation, the complete-activespace self-consistent-field (CASSCF) part of the CASPT2 calculations were also performed using a frozen core consisting of the C 1s and Cu 3s + 3p orbitals. The quantitative effects of this restriction were insubstantial, however, and the results are not presented. In both cases the Møller-Plesset perturbation aspect of the CASPT2 calculations was performed using frozen C 1s and Cu 3s + 3p orbitals. In addition to the CASPT2 calculations, second-order Also, some constrained optimizations of the geometry of the adsorbate above the Cu 13 cluster were performed by GAUSSIAN03 using the PW91 density functional 33 with the ECP10MWB 42 and 6-31G* basis sets, but without use of BSSE correction.
Results and Discussion

VASP PW91 calculations of adsorption in the low-coverage limit
The adsorption of benzene on the Cu(111), Ag(111), and Au(111) surfaces is considered for flat-lying orientations in which the center of the ring is classified as being either above TOP, bridge (BR), or FCC/HCP three-fold hollow sites on the surface. Six high-symmetry binding configurations are illustrated in Fig.   1 for which the corresponding adsorption energy changes ∆E, evaluated using VASP, are listed in Table 1 (-0.6 eV).
17;18
For the case of benzene on Ag(111), the calculated interaction energies for the 8 structures are all more attractive by 0. on Ag(111) is predicted for the FCC hollow site in the orientation "A" in a pattern that actually corresponds to the experimentally observed (3 × 3) superstructure found after an exposure to 5 L of benzene on Ag(111).
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An early molecular-orbital calculation also suggested that a three-fold hollow site is most favored for benzene adsorption on a silver cluster.
46
The most significant conclusions to be drawn from the calculations, however, is that benzene is predicted to wander freely across the surface with little barrier, even at low temperatures.
The VASP calculations predict also that for each possible binding site the interaction energy is 0.6 -0.8 kcal mol Table 2 while key structural properties are given in Table 3 and all optimized coordinates are provided in Supporting Information. Some of these key properties include the average height of the carbon atoms above the surface, ∆z, the maximum difference in CC bond lengths, ∆R CC , and the maximum CCCC and CCCH torsional angles, τ CCCC and τ CCCH , respectively.
Based upon them, the optimized structures are classified as being either "flat" (∆z = 2.7 -2.9Å, ∆R CC < 0.006Å, and torsional angles < 2.5 deg in magnitude), "quinonoid" (∆z = 2.0 -2.4Å, ∆R CC up to 0.06Å, large positive τ CCCC and large positive τ CCCH ), and "H-flipped" (∆z = 2.0 -2.4Å, ∆R CC up to 0.02Å, significant negative τ CCCC and large positive τ CCCH ). In some cases, geometry optimization leads to local-minimum structures with qualitative properties preserved, while for the remainder the structures relaxed to an alternate configuration, as indicated in Table 2 .
¿From the results in Table 2 , an important qualitative feature is that increased binding by ca. 5 kcal mol , a value that is most likely less in magnitude than the accuracy of the methodology. As Table 3 shows that these local minima differ dramatically in structure, and as qualitatively we find no significant barriers separating them, it is clear that very large amplitude motions may be sustainable on the surface and hence proper quantum thermal treatment of the vibrational motion will be essential in any quantitative comparison of computed and experimental properties for the system. However, STM images of benzene on Cu(110) have revealed that the adsorbates stick over both the long-bridge site 47 and the hollow site, 48 the two lowest-energy sites revealed in Table 2 . Also, it has been observed basic qualitative scenario predicted by the calculations of poorly site-specific binding.
Significant differences are found between the optimized structures of benzene on Cu(110) and those reported previously by Triguero et al. 47;48 for the binding of benzene to a Cu 13 cluster. Shown in Table 3 The adsorption of benzene on Cu(111) is known 14;15;17 to be physisorptive in nature. A series of calculations has been performed to determine whether or not VASP predicts stable chemisorbed species for this surface, as it does for Cu(110). Geometry optimizations were performed starting at analogous quinonoid and H-flipped conformations. In all cases, the geometries relaxed to the flat ones, indicating that the surface calculations do not intrinsically overestimate the significance of the chemisorbed structures, and hence they remain as viable alternatives for the actual structure on Cu(110). We return to the question of the experimental determination of whether the interaction is fundamentally chemisorptive or physisorptive in Section 3.3.
Verification of the major results using CASTEP and SIESTA calculations
The VASP calculations reveal potential-energy surfaces that support 0. Table 2 .
These calculations were performed by first adjusting the height of the adsorbate above the surface at fixed metal and adsorbate geometry so as to provide a best-estimate starting structure, and then these structures were fully relaxed. Both the energy of the z-optimized structure and the fully relaxed one are given in the table. The resultant quinonoid and H-flipped structures show even less variations in bond lengths and torsional angles than those from the VASP calculations reported in Table 3 , with in particular the HOL-A structure being very flat; significant differences in the height above the surface are still found between the physisorbed and chemisorbed structures, however.
Direct comparison of the binding energies from the SIESTA and VASP calculations is difficult owing to the significant BSSE that arises from the use of atomic basis sets in the SIESTA calculations. While atomic basis sets are much more conducive to mechanistic analyses than are plane-wave ones, an advantage exploited in the next subsection, the presence of BSSE arising from the incompleteness of the atomic basis set used provides a significant disadvantage. In Table 2 , the energy changes due to binding are shown both with and without the use of BSSE corrections. The energies of binding without BSSE correction fall in the range of ∆E= -7 to -20 kcal mol −1 but after correction the binding is or is very nearly lost altogether. The corresponding values obtained using VASP and CASTEP fall mid-way between the BSSE corrected and uncorrected values. When large atomic basis sets are used, the BSSE correction is usually small and typically of the wrong sign and so BSSE corrections should not be applied. 49 However, for small atomic basis sets, the BSSE correction is large and of the correct sign and its application is essential.
The double-zeta plus polarization basis set used in these SIESTA calculations does not have the augmented functions that are crucial to BSSE reduction and hence its application appears essential. However, for intermediate-sized basis sets such as this, a technique of fractional BSSE correction is often used A significant difficulty with the atomic basis set approach, however, is that all geometry optimizations are performed on the raw, uncorrected energies. As the BSSE is of order 6 kcal mol for the close-lying chemisorbed ones, the method used to treat it induces significant changes to the shape of the potential-energy surfaces. As a result, e.g., the raw SIESTA energies for the HOL-A structure strongly favour the H-flipped structure whilst after correction they favour the flat one. As the reduction of BSSE to the level required for realistic geometry optimization in these systems requires Gaussian basis sets that are at least an order of magnitude larger than those used herein, 49 any previous or foreseeable calculation of this type, is likely to be unreliable. Such calculations will artificially favour closely interacting, highly distorted chemisorbed structures over physisorbed ones. While this effect cannot account for the perceived high reactivity of the C 13 cluster to benzene, it could account for the high degree of distortion found in the cluster-optimized structures. Table 3 ; again, negligible charge transfer is found for the flat physisorbed structures, but some charge flow up to 0.12 e is predicted for the chemisorbed ones, especially those at the cluster-optimized geometries.
A commonly used method to estimate charge flow using plane-wave based calculations is Helmholz anaylsis of the change in the surface work function.
A reduction in the work function of the surface of -0.44 eV is predicted by the VASP calculations for the C 6 H 6 -(3×3)-Ag(111) surface, in reasonable agreement with the measured value of -0.3 eV.
15;51
On Au(111) the computed value is -0.42 eV, while on Cu it is somewhat bigger: -0.55 eV (obs. This discrepancy could arise as the molecular and surface polarization terms are also naively expected to be of this order but of opposite sign to each other. Also, non-Helmholz terms do contribute to changes in the surface potential, [53] [54] [55] and such effects could dominate the process especially for weakly bound adsorbates.
The predicted and observed changes in the work function are much smaller than those predicted and observed for benzene chemisorbed on reactive transition metals such as Ni, Pd, and Pt of ca. 1.4 eV. Table 3 also indicate the appearance of detectable charge transfer in these chemisorbed structures, up to 0.12 e at the cluster-optimized geometries. Note that a possible consequence of the DFT band-gap error is that the charge transfer process associated with the donation of electrons from the benzene π orbitals to the metal is artificially curtailed by the apparent back-bonding that is enforced when the LUMO prematurely crosses the metal Fermi energy.
Qualitatively, the interaction of benzene with Cu(110) is known to be much weaker than that with Ni(100), 58 a surface on which it is clearly chemisorbed.
Also, the benzene -Cu(110) interaction is much weaker than that of acetylene with Cu(110), 59 another chemisorptive interaction, but it is significantly stronger than the interaction of benzene and Cu(111), a clearly physisorptive interaction.
14;15;17
The adsorption of benzene on Ag(111) is also unambiguously physisorptive.
15;51
While some experimental results 
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For benzene on Cu(110), the observed value 58 is very similar, -4.4 eV. Figure 4 shows that the calculated HOMO levels are of this order but vary considerably depending on site and structure. In Table 3 and Cu(111) given in Table 3 Authoritative conclusions cannot be made, however, due to the complex nature of the calculated PDOS structures and the lack of treatment of quantummechanical and thermal vibrational effects. Given the small energy differences predicted between the most probable chemisorptive and physisorptive structures, it could be that zero-point or thermal vibrational effects are sufficient to mix all of these structures, resulting in an observed average structure that could be quite different in appearance to any of the local-energy minima found on the potential-energy surface.
In general, only small perturbations to the DOS of the copper atoms are found on adsorption of benzene. The copper orbital that interacts most significantly is the d z 2 orbital whose PDOS is shown in Fig. 5 . While a weak tail to this distribution above the Fermi energy is found indicating bonding interactions with the unoccupied molecular orbitals, the effect is clearly quite weak. Instead, large downward shifts of the orbital energies are found, especially for the cluster-optimized chemisorptive structures, indicating a strong interaction with the occupied orbitals. It is indicative of a strong dispersive interaction between the copper and benzene, an interaction for which DFT does not correctly include the resultant attractive energy contribution, especially for complexes with coinage metals.
38;49
It is hence reasonable to hypothesise that the binding is dispersive in nature and that this is the cause of the poor agreement between calculated and observed absolute binding energies.
Lack of involvement of the triplet states of benzene in the binding
The chemisorptive interactions observed between some alkenes and reactive metal surfaces cannot be accounted for assuming that the surface interacts with the ground state of the alkene. 
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In this figure is also shown the actual potential-energy surfaces for these two states calculated using DFT at the PW91/6-31G* level using GAUSSIAN03. These surfaces were obtained by freezing the cluster geometry and the height of the nearest carbon atoms above the surface, allowing all other coordinates of the benzene molecule to relax on the ground state. The ground state of the adsorbate is clearly seen to correlate to the asymptotic ground state, in contrast to the predictions of the triplet-interaction model. Inspection of the form of the molecular orbitals reflects the same scenarios discussed in the previous section for the surface-benzene interaction: all benzene π orbitals of the adsorbate are significantly depressed in energy, with the dominant mixings being between different occupied levels (or between different virtual levels) arising from dispersive intermolecular interactions. However, there are also some significant interactions evident between the benzene HOMO and unoccupied cluster orbitals. This results in significant charge transfer, the net effect of which is, after BSSE correction, a Mulliken-charge transfer of q mol = 0.3 e; this could indicate the action of dative covalent bonding. The depression of the benzene LUMO orbital appears to be dominated by interactions with copper 4p orbitals. If this interaction was slightly stronger, the LUMO could become significantly occupied and hence the benzene would appear to take on triplet character. Hence the triplet interaction model, whilst being shown to be inappropriate for benzene on Cu(110), may be quite apt for systems with slightly stronger interactions.
Quantification of the contribution of dispersion to the binding energy
While DFT calculatons indicate that the Cu 13 cluster introduced by Triguero et al. 47;48 is too reactive for quantitative modelling of the reactivity of Cu (110) surfaces, it can provide a useful guide as to the significance of dative bonding and dispersive force as it facilitates the application of high-end ab initio approaches designed for discrete molecular systems. We have performed CASPT2 calculations for the Cu 13 -benzene interaction for the quinonoid structure HOL-A at the previous cluster-optimized geometry 21 and compared them to DFT calculations for the same system. CASPT2 is a Møller-Plesset perturbation method similar to MP2 but generalized to treat systems with open-shell bands such as the s band of the copper cluster and is, in principle, the simplest ab initio method that is appropriate for problems of this type.
It can provide an a priori estimate of the magnitude of the dispersive interaction that acts in parallel to, and independent of, covalent-bonding forces; it has been shown to be reliable for the study of related problems involving a small number of metal atoms, 49;66 but it becomes much more difficult to apply to large metal clusters such as Cu 13 .
At the cluster optimized binding geometry of Triguero et al., 21 the raw interaction energy of the two fragments is calculated using CASPT2 to be -77 kcal mol . The CASSCF calculations used as a starting point for the perturbation calculations in CASPT2 predict that the cluster is highly unbound, however: the raw interaction energy is +17 kcal mol A simple test that verifies that the active space used is not unrealistic is provided by an MP2 calculation using only a single spin-adapted reference determinant. The calculated MP2 interaction energy is -26 kcal mol c Collapses to the quinonoid structure upon optimization. 
